I schemic stroke has long been recognized to cluster in families. This clustering has been attributed to both genetic factors and common environmental exposures. Gene mutations have been identified that lead to rare ischemic stroke syndromes like CADASIL and MELAS. However, the search for genetic loci associated with ischemic stroke risk has yielded meager results thus far, despite several candidate-gene 1 and large-scale, genome-wide association 2,3 studies. The Siblings With Ischemic Stroke Study (SWISS) provides a different and promising approach to discover novel risk factors for ischemic stroke through the study of unrelated families with affected and unaffected siblings. Here we present the results of the family-based, genome-wide scan of SWISS after achieving the original recruitment goal.
I schemic stroke has long been recognized to cluster in families. This clustering has been attributed to both genetic factors and common environmental exposures. Gene mutations have been identified that lead to rare ischemic stroke syndromes like CADASIL and MELAS. However, the search for genetic loci associated with ischemic stroke risk has yielded meager results thus far, despite several candidate-gene 1 and large-scale, genome-wide association 2, 3 studies. The Siblings With Ischemic Stroke Study (SWISS) provides a different and promising approach to discover novel risk factors for ischemic stroke through the study of unrelated families with affected and unaffected siblings. Here we present the results of the family-based, genome-wide scan of SWISS after achieving the original recruitment goal. least 24 hours or leading to death, with no apparent cause other than vascular origin (World Health Organization definition). 4 Stroke was defined as ischemic when computed tomography or magnetic resonance imaging of the brain was performed within 7 days of onset of stroke symptoms and identified the symptomatic cerebral infarct or failed to identify an alternative cause of symptoms. Probands were required to have reported at least 1 living full sibling with a history of stroke. No probands were enrolled with iatrogenic, vasospastic or vasculitic stroke or if the stroke occurred in the setting of a mechanical heart valve or in the setting of untreated or actively treated bacterial endocarditis. Probands were also excluded if they were known to have CADASIL, Fabry disease, homocysteinuria, MELAS, or sicklecell anemia. Study neurologists at each center assigned to the qualifying ischemic stroke of each proband a Trial of Org 10172 in Acute Stroke Treatment (TOAST) subtype diagnosis. 5 Stroke-affected siblings of the proband (concordant siblings) were recruited by using proband-initiated contact. 6 Telephone interviews were performed to obtain demographic and clinical information and to gain permission for obtaining medical records pertaining to treatment for stroke. Medical records were compiled and adjudicated by a central committee (J.F.M., T.G.B.) to verify the diagnosis of ischemic stroke and to assign a TOAST subtype diagnosis. Assignment of TOAST subtype diagnoses to SWISS concordant siblings has moderate interrater reliability. 7 Unaffected siblings were ascertained by telephone contact and interview.
Genotyping Considerations
The establishment of lymphoblastoid cell lines, quality control of genomic DNA, acquisition of genetic data, and genotyping quality control metrics were performed according to standard procedures. Please see the online-only Data Supplement for these details.
Consensus single-nucleotide polymorphisms (SNPs) that passed quality control in both phases (genome-wide association and familybased phases) were merged for all available sibships (2239 SNPs were imputed in the probands). Using all 5612 SNPs in the merged dataset, we verified reported relationships using pi_hat estimates. Sibships were confirmed when pairwise pi_hat values were between 0.35 and 0.65; samples were removed from a sibship when the estimated pi_ hat value was not in this range. This dataset of the combined genotyping phases represents the final dataset for all subsequently described analyses. The flow of patients in the study is shown in Figure 1 .
Genetic Data Analysis
All family-based analyses were conducted with PLINK 1.07 software. 8 The dFam utility within PLINK implements a siblings-based transmission-disequilibrium test and was used to conduct these analyses. The dFam option is a powerful test for sibling-only datasets, incorporating data across sibships as well as using data from estimated parental genotypes to calculate expected allele frequencies for comparison with observed allele frequencies. The association test is based on the Cochran-Mantel-Haenszel test. Bonferroni correction for the number of tested SNPs corresponds to a minimum probability value for a genome-wide significance of P<8.91×10 −6 .
Additional Statistical Analyses
Frequencies of stroke risk factors (hypertension, hyperlipidemia, and diabetes) between affected and unaffected participants were compared by using χ 2 tests. The correlation between affected sibling age at stroke was estimated by using the Pearson test of correlation. These analyses were conducted across all TOAST subtypes as well as after stratification by concordant and discordant subtypes among affected sibling pairs. Linear regression was used to determine the confidence intervals and linear fit of the age association, as shown in Figure 2 . Kappa statistics were calculated to quantify concordance of phenotypes of interest within sibling pairs for all ages and stroke subtypes as well as models stratified by age (<65-year proband as defining age strata) and stroke subtype. All analyses that did not include genetic data were conducted by using scripts written in R (R Development Core Team, 2008).
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Results
A total of 312 affected sibling pairs (312 probands) were enrolled at 70 centers across the United States and Canada. After quality control filtering, the final study population consisted of 223 probands, 248 stroke-affected siblings, and 84 stroke-unaffected siblings (total sample size, 555). Ischemic stroke-affected individuals had expected high rates of conventional atherosclerotic risk factors (Table 1) . Strokeaffected individuals (probands and affected siblings) were significantly more likely to have hypertension (P<0.0001), hyperlipidemia (P=0.002), and diabetes (P=0.008) than were stroke-unaffected individuals. Stroke-affected siblings were somewhat older than the probands. This difference of 2 years (P=0.057) is expected, as an older sibling of the proband would be more likely to have a stroke than a younger sibling. Sibling age at the time of stroke was strongly correlated with proband age at the time of stroke, despite the sibling's being older. As shown in Figure 2 for all sibling pairs, the correlation coefficient was r=0.83 (95% CI, 0.78-0.86; P<2.2×10 −16 ). For affected sibling pairs who had the same stroke subtype, the correlation coefficient was not different from all pairs, r=0.83 (95% CI, 0.75-0.89; P<2.2×10 −16 ). This was the same for sibling pairs in which the affected siblings had different stroke subtypes, r=0.83 (95% CI, 0.77-0.87; P<2.2×10 −16 ). More than 50% of the variance in age at stroke onset in siblings could be predicted by the age of the proband at the time of stroke. As shown in Table 2 , there was significant concordance with affected siblings for TOAST subtype (kappa=0.13, P=5.06×10 −4 ); this relation remained significant for sibling pairs in which the proband was <65 years old at the time of stroke and for sibling pairs in which the proband was 65 years or older.
Results of the genome-wide analyses are shown in Figure 3 . Although no SNP association with ischemic stroke achieved a genome-wide level of significance, the 10 most associated SNPs exhibited clustering in several genomic regions. These 10 most significantly associated SNPs, their locations, frequencies, and effect estimates are shown in Table 3 . The 10 SNPs represent 8 genomic loci, with minor allele frequencies ranging from 0.38 to 0.48 (common alleles). The effects for each are small, with odds ratios ranging from 0.96 to 1.04. The location of the most significantly associated SNPs (as well as others within 2.5 megabases) is shown in Figure 3 (indicated by blue shading). There are clusters of associated SNPs on chromosomes 3p and 6p.
Discussion
Our genome-wide scan for risk factors for ischemic stroke was performed in the largest collection of affected sibling pairs to date and showed potential loci of interest. However, It is important not to speculate beyond the strength of our observations, as no locus achieved genome-wide statistical significance.
Genome-wide studies have had mixed results in ischemic stroke. When SWISS was initiated, the human genome had only been sequenced in draft form. 10 SWISS was predicated on the hypothesis that ischemic stroke obeyed the common disease, common variant hypothesis, which states that the genetic influences on many common disease are attributable to a limited number of allelic variants present in >1% to 5% of the population. 11 It has since become less clear that the hypothesis holds for ischemic stroke. No single locus has been identified in 2 genome-wide association studies at a genome-wide level of significance. 12 Our study supports the idea that no single locus substantially contributes to ischemic stroke risk from the perspective of common variants contributing to disease risk, although future sequencing-based studies of rare variants may meet with substantially more success.
SWISS was designed to treat all types of ischemic stroke as a single phenotype. The phenotypic heterogeneity of ischemic stroke has long been appreciated, but categorizing subtypes of ischemic stroke historically has been done with little consistency in genetic research. 13 Despite this methodological limitation, genetic risk factors have been identified that appear to be specific for certain ischemic stroke subtypes. For example, the chromosome 9p21 locus appears to impart risk for so-called large-vessel atherosclerotic stroke.
14, 15 The atrial fibrillation locus 4q25 appears to impart risk for cardioembolic stroke. 16, 17 Collaborating with investigators from Sweden, we previously assessed whether ischemic stroke subtypes clustered among affected sibships, showing low aggregation rates. 18 We continue to see low aggregation rates, but the relation is significant. In addition to having larger numbers, the current analysis is restricted to those affected sibling pairs confirmed to be full siblings through genomic analysis. It is not known whether more complex systems of classifying stroke also show a tendency toward aggregation within families. 19 Age at onset of stroke may be a quantitative phenotype more tractable to genomic analysis. In an interim analysis, we had observed a significant association of proband age at stroke onset and sibling age at stroke onset. 20 As with the subtype aggregation reanalysis, the current analysis involves a larger sample size and is restricted to those affected sibling pairs confirmed to be full siblings through genomic analysis. As a phenotype, age at stroke onset has the limitation that it does not necessarily reflect the burden of ischemic disease at any given moment in the lifespan of a patient. Some cerebral infarcts are asymptomatic, 21 whereas other cerebral infarcts may be symptomatic but undiagnosed. 22 In summary, we have described an affected relative-based genetic analysis of ischemic stroke. This work provides preliminary evidence for the involvement of several loci in risk for this disease, and these loci certainly warrant follow-up. This work also suggests that any individual risk variants involved in ischemic stroke are likely to have a low population-attributable risk. Attributable risk could be low if the risk conferred is relatively low; it could also be low if there is extensive allelic and/or genetic heterogeneity in stroke, with no single locus being a common, high risk-conferring locus. Clearly we can hope that the future application of now-and next-generation technologies in large and extremely wellcharacterized cohorts will enable identifying genetic risks for ischemic stroke. Table 1 are highlighted in blue. 
SUPPLEMENTAL MATERIAL
Supplemental description of the methods. 
Establishing Lymphoblastoid Cell Lines from Peripheral Blood
DNA Isolation from Lymphoblastoid Cell Lines
An ampule of each lymphoblastoid cell line was recovered and the cells cultured to yield approximately 40 million cells. Cells were harvested and processed for isolation of genomic DNA using the Gentra Autopure robotic system.
Quality Control of Genomic DNA
DNA was allowed to solubilize over several days. UV spectrophotometry of each DNA sample was required to show a 260/280 nm absorbance ratio between 1.65 and 1.95 and a concentration of at least 0.1 mg/ml with less than 0.1 µg protein per µg of DNA to be included in the study. DNA sample identity was confirmed by comparing a DNA fingerprint between DNA isolated directly from the peripheral blood to the DNA isolated from the lymphoblastoid cell line.
DNA fingerprint analysis was performed using a multiplex PCR assay for 
Study design for genotyping and genetic data acquisition
The two separate genotyping phases of SWISS were designed to conduct a genome-wide analysis of affected sibling pairs and, at the same time, identify unrelated participants for inclusion into a genome-wide association study. This division is due to the use and availability of data from separate genotyping arrays, first a large-scale dense coverage array utilized in genome-wide association studies and second, a less dense but compatible array (coverage of a majority of SNPs overlap across platforms) designed for use in genome-wide linkage mapping studies within families. The first phase of the genotyping was performed on DNA samples from probands using Human 610-Quadv1.0 DNA analysis beadchip (Illumina Inc, San Diego, CA).
This density of SNPs across the genome also permitted incorporation of these data into analyses of family-based genome-wide association (the "genome-wide association phase").
The second phase of genotyping was performed on the DNA samples from the siblings of the probands using Illumina linkage V chip (the "genome-wide family-based phase"). After independent quality control of the two phases, the two datasets (genome-wide association and family-based) were merged to complete the final SWISS dataset. Imputation was used to incorporate SNPs into the final dataset, allowing all SNPs passing quality control on the linkage array to be utilized. . Sex concordance based on X chromosome heterogeneity estimates were compared to self-reported data. Case data from this phase were then combined with a control set obtained from neurologically normal controls from the Coriell/NINDS repository and stroke-free participants in the Baltimore Longitudinal Study of
Genotyping methods and quality control metrics -genome-wide association phase
Aging (BLSA). [S3]
After merging the probands genotyped in this phase with the control sets, the combined dataset was re-filtered on consensus SNPs with the following criteria: call rate per sample > 0.95, call rate per SNP > 0.95, MAF > 0.05, HWE P > 1x10 -5 in controls, and nonrandom missingness by haplotype and phenotype (P > 1x10 -5 ). Identity-by-state clustering was performed to remove cryptic related samples, removing all samples with pairwise pi_hat > 0.125; this effectively removes up to cousin-level related individuals. Study data were then merged with HapMap3 data and consensus SNPs were pruned based upon estimated linkage disequilibrium.
Multidimensional scaling was conducted to remove samples > ± 6 SD from mean estimates for the first two component vectors from the mean of the combined CEU/TSI estimates.
Participants passing quality control from this phase had additional SNPs imputed using the 1000
Genomes Project reference haplotypes (released in June 2010). These data were obtained from SNPs from the probands were merged with the family-based phase (sibling) genotypes to create the final dataset of 555 individuals (across 223 sibships).
Genotyping methods and quality control metrics -genome-wide family-based phase
Illumina Beadstudio was used for genotype calling and clustering following the manufacturer's protocol for the Linkage V array. The following filters were initially applied: call rate per sample > 0.95, call rate per SNP > 0.95, MAF > 0.05, HWE P > 1x10 -7 , nonrandom missingness by haplotype and phenotype (P > 1x10 -5 ), and sex concordance based on X chromosome heterogeneity estimates compared to self reported data. Multi-dimensional scaling and identityby-state clustering were utilized to remove ancestry outliers and cryptically related samples as previously described.
